Space and time are apparently well-known notions but, in order to explain them, they must be connected to other fundamental concepts such as change or process (Hazelton et al, 1992) . As stated by Blaut (1961) , since relative space is inseparably fused to relative time, nothing in the physical world is purely spatial or temporal; everything is process. Change must be seen as a composite of processes that occur on a wide band of timescale in space. Therefore, the link between space and time is through the process itself, where specific processes determine specific temporal and spatial conceptualization (Chrisman, 1998; Frank, 1998) .
The change is not registered at the time when the real change occurs but rather when a new product like a geographic map is needed (Langran, 1993) . If data are collected from a series of images or maps acquired in the past, there is no possibility to check these data in the field or to complete the missing information about the change (Marceau and Dragicevic, 1998) .
The third factor consists of traditional database models, such as the relational model, commonly used in the current GIS, which is atemporal. Because of the nature of digitized geographic data stored in a database, dynamic phenomena have to be dealt with by using a discrete mechanism (Kemp and Kowalczyk, 1994) . The current GIS are not yet capable of storing change in a continuous manner and change is represented as a series of discrete events. Time is represented as an attribute through a series of snapshots corresponding to instantaneous pictures of a geographic area at particular moments. Information about change is derived and based on difference calculations between snapshots. Several problems arise with the use of this model. First, emphasis is put on the rate of change rather than on the process inducing the changes (Schlagel and Newton, 1996) . However, to be complete, an analysis of change should focus on the dynamics, in other words the processes evolving through time that induce changes (Chrisman, 1998; Stead, 1998) . Second, some changes may not be detected, owing to inappropriate sampling; if the interval between snapshots is too long then a whole cycle of events may go undetected (Chrisman, 1998) . This also means that some information may be lost, causing an inaccurate picture of the real world to be stored. Finally, the unchanged data are redundant for each snapshot produced at each time instant. In a more efficient database, only the changed data should receive new representation (Langran, 1993) . In that case, the time intervals should be variable and determined by events. The temporal resolution should not be arbitrarily chosen but should be settled by the requirements imposed by the geographic phenomenon or process under study.
In order to analyze dynamic geographic phenomena, one must manage current GIS atemporal capabilities, snapshot databases, and the nature of historical data. This study has been undertaken to address these challenges. More specifically, we attempt to solve the problem of missing information about change when the time intervals between consecutive snapshots are too long, and when there is no available information between them. Since the probabilistic simulations cannot be applied because of the restrictive amount of available data, an alternative strategy is to use fuzzy logic theory (Dragicevic and Marceau, 1999) . The proposed solution is to apply fuzzy spatiotemporal interpolation to simulate changes that occurred between snapshots registered in a GIS database. The temporal resolution is then chosen in accordance with the rate of change of the process under study.
This approach incorporates the concept of branching time (Frank, 1998; Snodgrass, 1992) . Branching models of time can be used in planning the development of scenarios describing alternative sequences of events that could occur in the future, depending on the decisions that are taken. The results of the scenarios represent possible future states, only one of which will actually be achieved. Branching models can also be applied to investigate possible sequences of past actions that have led to a known situation. In such a case, scenarios are built to simulate alternative sequences of changes that occurred between two known states. These scenarios can considerably increase the information content of historical databases, and can lead to the testing of hypotheses related to the dynamics of the phenomenon of interest when other sources of data are impossible to obtain.
The spatiotemporal interpolation method developed in this study is based on fuzzy logic theory and is described in the following section.
Methodology

Study area
The proposed approach was tested on the north shore of the Montreal metropolitan area in Quebec, Canada, centered at 72858 H W and 45842 H N. This area, covering a surface of 1320 km 2 , went through a radical transformation during the last 40 years as a result of considerable and fast expansion of urban population. The main sources of data were 32 topographic maps produced from 1956 to 1986 by the Survey and Mapping Branch of the Department of Energy, Mines and Resources in Canada, at a scale of 1:50 000. Data were digitized using MapInfo3.0 desktop software and incorporated in the GRASS4.1 raster database in 4 snapshots with a final spatial resolution of 10 m and a temporal resolution of 10 years. Major land-use classes that were defined are urban area, forested area, agricultural land, principal road and hydrographic network, airport, national park, and Indian reservation. In order to simplify the illustration of the methodology developed in this study, we focus on rural to urban land-use transformations.
An automated module called Fuzzy Temp was designed in C language and incorporated in the GRASS4.1 GIS software. The module was built with the intention of supporting land-use modeling with the spatiotemporal interpolation and fuzzy membership functions in order to produce the simulation results. The description of the module is given in more detail in Dragicevic and Marceau (2000) .
Fuzzy logic in dynamics modeling
The basic concepts of fuzzy logic theory were postulated by Zadeh (1965) . This theory was extended (Zadeh, 1978) and found diverse applications in scientific fields such as image processing, robotics, operational research, linguistics, expert systems, meteorology, quantum mechanics, and decisionmaking (Dubois and Prade, 1980; Terano, 1992; Zimmerman, 1985) . In geography, the majority of applications of fuzzy logic are focused on the problems related to the spatial component of data, in order to solve fuzzy aspects of land-use classifications and geographic boundaries (Burrough, 1989; Burrough et al, 1992; Davidson et al, 1994; Hall et al, 1992; Kollias and Voliotis, 1991; Sui, 1992; Wang and Hall, 1996) . Lately, Dragicevic and Marceau (1999) applied fuzzy logic to solve the problem of missing temporal information in a GIS raster database and the theoretical background of fuzzy spatiotemporal interpolation is explained in greater detail. The fuzzy spatiotemporal interpolation is employed to simulate gradual land-use change between consecutive snapshots. The developed functions are outlined in figure 1 (see over) and are based on the expert knowledge that provides a realistic variation of values of membership grades when representing the change in time. According to the chosen one-year temporal resolution, the generation of intermediate layers is based on the series of membership functions used as a rule for generating the information that is lacking between consecutive database snapshots. In this study, the fuzzy logic approach is enhanced by using two different techniques of spatial modeling of change. Furthermore, the approach is applied and validated on three different urban areas. For simplicity reasons, the first technique is guided by a surface interpolation GIS module in order to represent better the diffusive mechanism of urban growth. The second technique is built to represent urban growth influenced by the road network, and represents a mixture of buffer operation and surface interpolation generated by standard GIS modules. For each transition period between consecutive snapshot layers, generic layers are created using each of these techniques. Information from the generic layer is then combined with fuzzy membership functions in the simulation process, in order to generate intermediate layers.
The simulation of urban change dynamics is also guided by the notion of stage. A temporal stage is defined as an interval between the dates in which the structural configuration of an urban area is considerably modified. The stages of urban morphology are determined on the basis of a direct correspondence between mechanism and function in some components that are taken to characterize the overall urban configuration at a particular time period. The temporal definition of a stage depends on the starting and ending points of a set of actions performed on urban morphology (Campari, 1998) .
The transition from rural to urban land use is performed throughout multiple stages. Each stage is subject to a possibility of change that is defined throughout a series of fuzzy logic functions with the membership grades adjusted to reflect its spatial and temporal context. Therefore, three possible scenarios (figure 1) are conceived in order to model different durations of change and on the basis of two proposed techniques simulating spatial development of the urban area. These scenarios achieve the concept of branching time describing the possible flow of change and events in a historical database. The first scenario [figures 1(a) and 1(b)] assumes that the dynamics of change is the fastest possible transition from rural to urban and is modeled in five regular stages, each having a duration of two years. Therefore, five successive sets of membership functions are developed for that purpose. The second scenario [figures 1(c) and 1(d)] is slower and the dynamics of change is completed through two stages of five years and is characterized by two sets of membership functions. The third scenario [figures 1(e) and 1(f)] assumes the irregular urban expansion process which unfolds in three stages, having a duration of three, five, and two years, respectively. Therefore, three sets of membership functions are developed for this scenario. The number of series of membership functions always corresponds to the number of stages, in order to simulate three possible speeds of urbanization dynamics.
Validation procedure
Discussions of validation in the literature are often contradictory. In some cases, validation is deemed essential whereas in other cases it is considered impossible. Some scientists believe that models can only be invalidated (Rykiel, 1996) . The validation should provide insurance that the model used to simulate the phenomenon under study has the capacity correctly to predict the behavior of the phenomenon (Power, 1993) . Therefore, validation is defined as the demonstration that the proposed model possesses a satisfactory range of accuracy consistent with the intended application of the model (Rykiel, 1996) . It is not always possible to determine if the model is in fact the best model possible. There is no absolute criterion for model validation and the process of validation depends on the applications and the users of the model (Mayer and Butler, 1993) . Better indications of the similarity of the obtained results from simulations may often be done by a visual comparison of the final maps . According to the list of validation procedures proposed in Rykiel (1996) , a predictive validation procedure is used in this study. Validation was performed to investigate how the fuzzy spatiotemporal interpolation model simulates the dynamics of urban expansion in reality. The validation procedure consists of comparing simulated data layers generated by Fuzzy Temp with digitized available aerial photographs acquired for corresponding years. The aerial photographs, at a scale of 1:40 000, were geometrically corrected using a minimum of 10 control points per photograph with the standard GRASS4.1 imagery modules (US Army Cerl, 1993). The modified Gaussian elimination method of first polynomial order was used to calculate the transformation matrix that converts the coordinates of image to standard map coordinates for each pixel in the image. Thereafter, a photointerpretation was performed to establish the boundaries between rural and urban land use. The urban land-use surface was then calculated, and the results obtained were compared with simulated urban land-use areas by using GRASS4.1.
The inherent nature of spatial data sources and their limitation owing to errors caused by map geometry, classifications, positional inconsistency in a series of adjacent maps used in digitizing procedure, and errors of the model itself, leads to some imperfections in maps obtained during the fuzzy spatiotemporal modeling process. Such errors have a tendency to accumulate and it is difficult to isolate and quantify them (Heuvelink et al, 1990; Thapa and Bossler, 1992) . Sensitivity analysis and visual comparison may be used in the case of a larger number of available aerial photographs in order to validate the proposed approach.
Measures of dynamics of urban change
Different variables may be used to describe the process of the dynamics of land-use change. These variables represent the inherent quality of the land, the effects of neighboring land-use activities and the aggregate level of demand for each activity , the population projection, the interregional flow analysis, the regional income estimations (Phipps and Langlois, 1997) , as well as site constraints (slope, rivers, lakes, parks, and similar), and transportation network.
The branching time concept, with its different scenarios, is used in this study to simulate a temporal and spatial variety of land-use change situations that may happen continuously in space and in past time. In order to`measure' the dynamics of urban change occurring in the study areas, two basic variables are chosen. They stem from the proposed approach and reflect the urban land-use progress by using the simple fuzzy spatiotemporal interpolation model.
The first variable is named the``speed of change'' and could be defined based on the time required for the completion of change. A change can be categorized as rapid if the first scenario is chosen to represent the urban growth. The urbanization process takes two years for its completion. When the third scenario is chosen, where duration of change is more than two but less than five years, change is characterized as accelerated. The next category is slow change, which needs five years to terminate when the second scenario is chosen for modeling urban growth.
The second variable is entitled the``mechanism of change'' and it defines the manner in which the urban growth was carried out. This variable depends on the interpolation technique that is chosen to represent the urban expansion process. Therefore, it is possible to distinguish two basic forms: the diffusive mechanism and the roadinfluenced mechanism. The former occurs when the surface interpolation technique is chosen for modeling change. This mechanism appears as a consequence of the wellcentered position of urban boundaries between older and more recent snapshot layers. However, the surface interpolation technique cannot accurately simulate the urban expansion that occurred as isolated patches in the study area since the interpolation function cannot recognize the utmost boundaries of isolated patches. Thus, another technique based on the road-influenced mechanism is considered more appropriate to handle isolated patches. Nonetheless, if the development of the urban area was too fast, the local road network from the previous snapshot layer does not sufficiently cover the territory where the changes are supposed to happen, hence the aforementioned technique provides results of lower quality.
Results
The following section discusses in more detail the results obtained through the implementation of the proposed methodology. Three subareas of the Montreal metropolitan area (figure 2) are chosen in order to illustrate the simulated dynamics of rural^urban land use and to validate the proposed model of urban expansion. The first subarea is in the municipality of Ste-The¨re© se and it covers 9.48 km 2 . The simulation of urban growth according to the model of fuzzy spatiotemporal interpolation was performed on the town of Ste-The¨re© se-de-Blanville and was compared with the aerial photographs of the area acquired in 1958 and 1982. The second subarea is located in the municipality of Terrebonne and it encompasses 10.76 km 2 . The simulation results were compared with aerial photographs acquired in 1958, 1971, and 1982 . The third subarea is located in the municipality of Repentigny, and it covers 51.21 km 2 . The comparison of urban boundaries data obtained from aerial photographs of the town of Repentigny with the corresponding data provided by simulations was performed for the years 1958, 1975, and 1982 .
The resulting maps of simulations obtained using the Fuzzy Temp module for the town of Terrebonne are presented in this paper as an example, in order to illustrate the proposed methodology. The validation procedures and results are done for all three study areas and are all presented and discussed. The resulting maps for the year 1958, generated by Fuzzy Temp using the first scenario and both interpolation techniques, are presented in figure 5 . The thin black lines represent the urban boundaries of the town of Terrebonne delineated from the aerial photograph in 1958. Thus, according to the first scenario (which corresponds to the shortest duration of change of two years), stage 2 is completed in the year 1958. Therefore, four classes are distinguished with different cell values and fuzzy category contents. The two major classes örural (R) and urban (U ) land useödenote that these cells were not in the transition, but that they remain the same in all intermediate layers. Their fuzzy category contents are`R 3 R' and`U 3 U ', respectively. The third class represents the urban surface that had already finished the transition and is characterized by the maximum value of the degree of belonging to the urban class. Its fuzzy category content indicates`R 3 U, possibly 0X0aR 1X0aU '. The value of 1.0 represents a full belonging, or a maximum possible belonging, to the urban class and the value of 0.0 represents nonbelonging to the rural class. The fourth class represents the surface that is still in rural land use, with fuzzy category content described as`R 3 U, possibly 1X0aR 0X0aU '. In this case, the value of 1.0 represents a full belonging to the rural class and 0.0 degree of belonging to the urban class.
Two other resulting maps which are presented in figures 6(a) and (b) show simulations for the second and third scenario, respectively, that are generated with the second technique. Other classes are then distinguished, between the usual rural and urban land-use classes, and are characterized with fuzzy category contents. Figure 6(a) shows the class representing the area that is possibly more rural than urban, with a 0.9 degree of belonging to rural and a 0.2 degree of belonging to the urban land use, and with the category content`R 3 U, possibly 0X9aR 0X2aU '. Figure 6 (b) outlines the generated map where another class is represented with fuzzy content`R 3 U, possibly 0X3aR 0X6aU ' showing that there is a surface which is possibly more urban (with a 0.6 degree of belonging) than rural in its land use (0.3 degree of belonging). This class represents the surface that is in transition to urban land use and with fuzzy category content described, in general notation,`R 3 U, possibly xaR yaU '. The values of x and y represent any possible value of the degree of belonging to the urban or rural class generated during the simulations, according to the developed fuzzy membership functions. Table 1 (see over) shows more detailed results expressed as the percentage of calculated surfaces obtained using the spatiotemporal interpolation technique for three study areas, for all three possible scenarios of change, and for three different dates. The percentage of urban land-use surfaces calculated from digital aerial photographs are also shown for comparison purposes. Three major classes are distinguished: the surfaces which have already achieved urban land use; those which are in transition, characterized by fuzzy membership degrees different than 1.0 and 0.0; and, finally, those that still remain in rural land use.
For the first study area, the town of Ste-The¨re© se, the best results in 1958 are obtained by using the road-influenced technique and the second scenario [table 1(a)]. The accordance of the urban surface with that obtained from the aerial photograph data is within 2%. However, for the year 1982, the best results are obtained by using the diffusive interpolation technique. The first and the third scenarios provide similar results, slightly underestimating the urban expansion by 3% of the total surface. The second scenario significantly underestimates the urban surface.
For the second study area, the town of Terrebonne, in 1958, the best results are obtained by using the road-influenced technique, since the diffusive technique significantly underestimates the urban surface compared with the reference aerial data [table (1b)]. According to the results presented in table 1(b), the first scenario is the most suitable for representing the simulation of duration and the speed of change that occurred in that period. For the year 1971, the two interpolation techniques provide similar, accurate results for the first and the third scenario that are in accordance with the urban surface obtained from the aerial photograph to within 2%. For 1982, both interpolation techniques underestimate the urban expansion but the first and the third scenarios provide the best estimate with an error of 13.5% for the diffusive technique and 9.2% for the road-influenced technique.
For the third study area, the town of Repentigny, the diffusive technique provides the best results for all of the observed years [table 1(c)]. In 1958, the second scenario gives the best estimation of the urban surface compared with the reference aerial photograph data. The first and the third scenarios underestimate the surface of urban land use by 7% and 14% of the total surface, respectively. However, for the year 1975, the best results are obtained with the first and the third scenarios, which provide similar results and slightly overestimate the urban expansion by 4% of the total surface. The second scenario significantly underestimates the urban surface. In 1982, the best results are obtained with the first and the third scenario showing a very good accordance with the urban surface obtained from the aerial photograph. The second scenario considerably underestimates the change of the urbanization process.
In contrast, the obtained validation results could be otherwise interpreted under the light of proposed measures of dynamics of change. The descriptive variables are used to indicate the possible speed and mechanism of the change and table 2 is built in accordance with the results stemming from table 1. In table 2 (see over), the possible dynamics of change for the three study areas in three observed periods in the last 30 years are summarized. The best results obtained through the validation procedures for each study area are chosen as the indicators of the best scenarios, and then the choice of variables for measures of dynamics of urban change were made.
The results obtained indicate that the possible dynamics of change, shown in table 2, for the town of Ste-The¨re© se in the first observation period (1956^66) were characterized by slow urban growth because 5 years were needed to complete the change. In the period 1966^76, there was no registered change in the urban boundaries according to the information in initial snapshot layers in the database. For the period 1976^86, an accelerated urban growth is estimated since the possible speed of change was assessed to be slower than 2 years but faster than 5 years. The mechanism of the urbanization process is more road influenced in the first observation period, but more diffusive in the last observation period.
The possible dynamics of urban land-use transformation for the town of Terrebonne (table 2) can be described as follows. In the first observation period (1956^66), the growth was rapid since only 2 years were needed to complete the change. An accelerated dynamics characterized by a speed of change slower than 2 years but faster than 5 years is shown in the period from 1966 to 1976. In the last period (1976^86), the results obtained indicate that urban expansion was rapid since the best simulation results underestimated the surface measured from the aerial photograph. The change possibly needed to be simulated using another scenario, where less than 2 years of change have been completed. The mechanism of urban expansion can be characterized by the road-influenced technique in the first and the third observation periods but, in the interval between 1966 and 1976, both forms yield good results. This can be explained by the relatively concentric mechanism of urban boundaries in 1966 and 1976 that also follow the radial expansion of the local road network which symmetrically emerges from one central avenue in the town of Terrebonne.
The results obtained by using the proposed approach suggest that the dynamics of change for the town of Repentigny was slow in the first observation period, from 1956 to 1966 (table 2) , since it is based on the premise that 5 years are required to complete the change. The accelerated urbanization dynamics was observed in both periods (1966^76 and 1976^86) because the change was possibly slower than 2 years but faster than 5 years. The urban expansion was in diffusive mechanism for all three periods. This could be explained by the fact that Repentigny is a city between 2 rivers and space for the expansion is limited by the availability of land such that the road influence is not evident.
In order to validate further the obtained results, some additional variables are introduced, such as the increase of population and population density. According to the study of Marois (1998), some parts of the Montreal metropolitan area, usually urban fringes of the north and south shores have had a remarkable population increase during the last 50 years. Urban boundaries could have been influenced by this increase and in this study they are used as indicators to provide some insights into the results obtained. Therefore, the results presented in table 2 were compared with census and population density data in order to find possible concordance. Population growth for the period from 1951 to 1986 is shown in figure 7(a) (see over) (Statistics Canada, 1951^1986) . Population density data were calculated for the urban surfaces obtained from the database snapshot layers and for each available date [ figure 7(b) ]. The trends of simulated urban development and population density are compared with results presented in table 2 for each study area.
The town of Ste-The¨re© se had a constant increase in population from 1961 to 1986. According to the census data, in 1961, Ste-The¨re© se had 7038 inhabitants whereas in 1986 the population reached 19 336 inhabitants. Thus, in the period of 35 years, the population had grown only 2.7 times, with no drastic jumps in any of the census years [ figure 7(a) ]. The population density was relatively constant in 1956, 1966, and 1976 figure 7(b) ]. It can be concluded that the simulation results, in general, match the tendency, driven by the density data, to characterize the first and third observation periods of urbanization as rapid, but the second period as slower. As the population during the last period drastically increased, and the density remained nearly unchanged, it can be concluded that a large spatial expansion has occurred, thus keeping the population density constant.
The community of Repentigny had a low number of inhabitants and a high population density in 1956 [figures 7(a) and (b)]. Since 1961, the population increased significantly, by 3.9 times by 1986. But, in the same period, the population density declined by 2.8 times. This indicates that the urban expansion was slow in the first observation period and accelerated in the period from 1966 to 1986.
Discussion
There exist more sophisticated models which simulate urban expansion (Batty and Xie, 1994; Clarke and Gaydos, 1998; Clarke et al, 1996; Kirtland et al, 1994) and which retain the complexity of land-use dynamics . These are based on different factors influencing the behavior of the land-cover change process and are used for more realistic modeling of urban growth. These factors are determined depending on the urban morphology and are expressed in terms of diffusion, breed, and spread coefficient. Some of the factors, such as slope, can be used to describe the physical environment as well as the influence of the road network on urban growth (Clarke et al, 1997) . Other factorsösuch as the role of zoning, local and regional transportation network, socioeconomic and demographic data öare also included in some urban expansion models (Allen, 1997; Landis, 1994; Portugali and Beneson, 1995; Wu and Webster, 1998; Xie and Batty, 1997) as well as the importance of sustainability in urban developments (Li and Yeh, 2000) . All of these models are useful in short-range and long-range forecasting since they are based on a large amount of data, stemming from snapshots where the probability of transition is extracted from current trends of urban change.
The approach proposed in this study does not explicitly provide causal factors, thus it is not an explanatory model. Therefore, the performance of the proposed model would be enhanced by a link to constrained cellular automata with the fuzzy logic and urban theory. The replacement of simple diffusion and road-based techniques with the techniques including physical and demographic constraints is necessary in order to make the simulation more realistic. Augmentation of the number of initial data sets is required in order to extend the existing model of historical land-use change to a futuristic prediction model of land-use change.
The main advantage of the fuzzy spatiotemporal interpolation approach lies in its flexibility to create various temporal scenarios of urbanization processes and to choose the desired temporal resolution. The fuzzy membership functions have to be adapted to the spatiotemporal scale of the modeled dynamic phenomenon. Thus, if the chosen resolution assumes a smaller time period between generated snapshots, a more accurate representation of the real world can be achieved. In this way, the representation of time as a continuous flow of changes can be closely simulated, thereby significantly enhancing the existing GIS capabilities.
In order to maintain the concept of a continuous flow of processes and changes during time, the minimal temporal resolution for the study may be chosen to be less than one year (as in this study). This implies that the analysis of dynamics could possibly be implemented in studying larger spatial scales, such as municipal or local. This means that changes at the cadastre level, such as changes of land-parcel ownership, could also be modeled with the temporal resolution of the month. The database could be enriched with more land-use classes, and new fuzzy membership functions could be developed to model all kinds of possible transitions. In the case of modeling dynamic phenomena such as fire or disaster occurrences (which require observation over a long period of time, thus entailing a higher temporal resolution of 50 years or more), it is necessary to account for cyclic or sequential changes when generating the scenarios of possible changes.
Another advantage of the proposed methodology lies in its great potential to be used as a visualization technique. The proposed fuzzy spatiotemporal interpolation can represent a great tool for time-series animation of geographic data in order to creatè in-between' frames. The combination of different scenarios generated by this methodology can give different possible animations of the phenomenon under study. Every generated stage may be used for each visualization frame since it represents an intermediate snapshot. The advantage of the fuzzy spatiotemporal technique is in its capability to visualize different dynamics of urban growth through the combination of various scenarios that flow in a consecutive manner with different temporal resolutions.
In conclusion, the proposed methodology can generate realistic scenarios of urban expansion processes and could provide interesting insights into the dynamics of change that have happened in the past. There is potential for enhancement of the proposed fuzzy spatiotemporal technique, in order to make it a more powerful tool for modeling changes as well as using it as a visualization technique.
